ABSTRACT. Quantitative changes of lung tissue components (air spaces lined by PAS-positive and PAS-negative epithelium, blood vessels and interstitium) were investigated in developing rats from fetal day 18 through neonatal day 1. The volume of the left lung increased significantly from fetal day 18 through neonatal day 1. The percentage and volume of the air spaces increased strikingly between fetal days 20 and 21. However, the percentage of the air spaces lined by PAS-positive epithelium decreased significantly from fetal days 20 to 21, and that of the spaces lined by PAS-negative epithelium increased between the two days. The proliferating cell nuclear antigen (PCNA)-positive cells were rich in the interstitium and epithelium of the air spaces on fetal days 18 and 19. The percentage of the interstitium decreased significantly from fetal day 18 through neonatal day 1, showing remarkable decrease between fetal days 20 and 21. From fetal day 20 onward, the PCNA-positive cells decreased in number and located in the epithelium of the conducting air ways and interstitium. Based upon these findings, the present study suggests that the period from fetal days 20 to 21 is a critical time for the development of fetal lung: the period before fetal day 20 is that for proliferation and the period after fetal day 21, functional differentiation of the lung.-KEY WORDS: development, lung, perinatal period, rat.
of only one lobe.
MATERIALS AND METHODS
Rats of the Wistar strain were used. The animals were kept in the light-and temperature-controlled room and allowed to free access to a commercial diet (NMF, Oriental Yeast Co., Japan) and water. They were mated overnight and examined the next morning for the presence of spermatozoa in the vaginal smear. The day when spermatozoa were found was regarded as day 1 of gestation. Fetuses on days 18, 19, 20, 21 and 22 of gestation, and neonates on day 1 (at birth) were used. Pregnant rats were anesthetized with ether and fetuses were obtained by Caesarean section on each gestational day. The fetuses and neonates were weighed and killed.
For morphometrical study the left lung of 10 animals from 3 litters on each developmental day was used. The lung was quickly removed, fixed in 4% paraformaldehyde in 0.01 M phosphate buffer (pH 7.4) for 1 hr, dehydrated through a graded series of alcohol and embedded in Tissue Prep (Fisher Scientific Company, U.S.A.). Then serial sections of the entire left lung were made at 5 µm and stained with periodic acid Schiff reagent (PAS). The nucleus was counterstained with hematoxylin. The volume of the left lung was determined by the method of Eguchi and Morikawa [9] . Every 20th section of the series of each lung was projected on tracing paper with a medical projector (Medical Vision, Hoken Shizai Hanbai, Tokyo, Japan) and the outline of the sections was traced. Then the area of each section was measured with an image analyzer (Cosmozone 1SB, Nikon, Japan).
The volume of the left lung was determined by the following formulas:
Development of the lung has been extensively investigated. In rats the lung appears on fetal day 12 as an endodermal bud developing from the floor of the pharynx [14, 16] . The development of fetal rat lung is divided into four stages as follows. Fetal days 0-13 is embryonic stage, days 13-18 glandular, days 18-20 canalicular and day 20-term saccular [1] . The rat lung is immature at birth and formation of the true alveoli occurs during the postnatal period [4, 6] .
During early development in fetal mice a modified dichotomous branching pattern produces an enlarging treelike structure in each lobe [11] . In fetal rats the lung differentiates centrifugally [6] . Further the branching pattern of the air way in fetal rats has recently been reported as follows [16] . From fetal days 14 to 17 longitudinal growth and monopodial branching of the air way are dominant and more branching activity is seen on the lateral than on the medial aspect of the bronchus. From fetal day 17 onward ventrodorsal growth and dichotomous branching of the air way are prominent. On the other hand, morphometrical studies on the development of the fetal and neonatal lungs of rats have been reported [6, 8, 10, 15] . However, most of the morphometrical studies on the lung development have been processed on the peripheral zone of the fetal lung [10] or randomly sampled lung tissue blocks [6, 8] . Further, Zeltner et al. have pointed out that there are regional differences in morphometry in the rat lung and suggested that for quantitative light microscopic analysis the smallest possible sampling is an entire lobe of the lung [17] . However, little information on the developmental changes of the lung tissue components using entire lobe is available in rats. Therefore, the present study is designed to clarify the quantitative changes of the tissue components of the left lung in perinatal rats, since the left lung of the rat consists Si = actual area of section (mm 2 ) = area of traced outline (mm 2 )/(linear magnification) 2 Volume (mm 3 ) = ∑Si (mm 2 ) × distance between the sections traced (1/1000 mm)
To obtain the percentages of each lung tissue component the lung was histologically classified into four tissue components as follows: air spaces lined by PAS-positive and PAS-negative epithelium, interstitium and blood vessels. The percentages of each component were estimated by the method of Chalkley [7] : the essential of the method was a random "hitting percent" of each component with 5 pointers placed in the ocular of a light microscope. Ten portions per section were randomly selected to obtain the hitting percent of each component of the left lung, each section being 100 µm apart to avoid counting the same cells or tissue components twice. The volumes of each component were estimated by multiplication of the lung volume by the hitting percent of each component.
To clarify the developmental pattern of proliferating cells of the lung, proliferating cell nuclear antigen (PCNA) was used. Left lung of 3 to 5 animals of 3 litters were obtained on each gestational day and neonatal day 1, and fixed in 70% methanol solution for 24 hr. They were dehydrated in a graded series of alcohol, embedded in Tissue Prep, cut at 5 µm and mounted on tissue adhesive poly-L-lysine-coated slide glasses. They were incubated with mouse anti-human PCNA IgM (19A2, Coulter Immunology, Hialeah, FL, 1:160) at 4°C overnight. Then the sections were incubated with biotinized rabbit anti-mouse immunogloblins antibody (Bio Genex Laboratories, San Roman, CA, 1:50) and streptavidin-conjugated peroxidase (Zymed Laboratories, South San Francisco, CA, 1:50) for 30 min respectively. Last the sections were incubated with DAB for 4 min. Sections prepared from the liver were used as control for PCNA staining.
Statistical analysis of data was made with the Student's t test. A P value of less than 0.05 was considered statistically significant. Fig.  1): The volume of the left lung increased remarkably from fetal day 18 through neonatal day 1.
RESULTS

Changes of the lung tissue components in volume (
The volume of the air space increased from fetal day 18 through neonatal day 1. Especially the air spaces lined by PAS-negative epithelium increased significantly from fetal days 18 to neonatal day 1 (p<0.001), showing remarkable increase between fetal days 20 and 21 (p<0.001).
The volume of the interstitium increased from fetal days 18 through 20 (p<0.001), kept the increased level by fetal day 22, and then decreased significantly from fetal day 22 to neonatal day 1 (p<0.001).
The volume of the blood vessels increased significantly from fetal days 18 to 20 (p<0.001), keeping the increased level by neonatal day 1.
Changes of the lung tissue components in percentage ( showing remarkable increase between fetal days 20 and 21 (between fetal days 20 and 21, p<0.001; fetal days 21-22, p<0.001; fetal day 22 and neonatal day 1, p<0.001).
The
The percentage of the blood vessels increased significantly from fetal days 18 to 19 (p<0.01), keeping the increased level by neonatal day 1.
Histological findings: Histologically the air spaces were identified as two portions. One was the portion of the conducting air way which was tubular and lined mainly by columnar epithelium and rich interstitium. The other one was the portion of the saccular air way which had relatively large lumen and was lined by cuboidal or flat epithelium.
On fetal day 18 tubular air ways which correspond to the conducting air ways were noted. Abundant interstitium or mesenchyme was seen (Fig. 3) . On fetal day 19 relatively large conducting air ways appeared. Small tubular conducting air ways increased in number. On fetal day 20 large conducting air ways were lined by epithelial folds. Some of the conducting air ways enlarged to be saccular air way (Fig. 4) . On fetal day 21 large number of sacculus were seen. Remarkable thinning of the interstitium was noted. On fetal day 22 and thereafter, the lung was characterized by the presence of large number of the sacculus surrounded by thin interstitium (Figs. 5 and 6) .
The epithelial cells which lined the conducting air way were PAS-positive on fetal days 18 and 19. From fetal day 20 and thereafter, the PAS-positive epithelial cells gradually decreased in number toward neonatal day 1. The cells which lined the luminal surface of the saccular air ways were PASpositive on fetal days 20 and 21. On fetal day 22 and thereafter, very few PAS-positive cells were noted in the epithelium of the saccular air ways.
From fetal days 18 to 19, PCNA-positive cells were rich in the epithelium of the air ways and interstitium (Fig. 3) . On fetal day 20, the PCNA-positive cells in the epithelium and interstitium decreased in number (Fig. 4) . On fetal days 21 and 22, the PCNA positive cells decreased in number and sparsely distributed in the epithelium of the conducting air ways and interstitium. Very few PCNApositive cells were noted in the epithelium of the saccular air ways (Fig. 5) . On neonatal day 1, very few number of the PCNA-positive cells were seen in the epithelium of the small conducting and saccular air ways and interstitium (Fig.  6 ).
DISCUSSION
The present study revealed that the lung undergoes substantial changes in lung tissue components (the interstitium, air spaces, and epithelium) between fetal days 20 and 21.
The air spaces increased remarkably between fetal days 20 and 21 in both volume and percentage. The percentage of the interstitium decreased significantly between the two days. The volume of interstitium did not change from fetal day 21 to the end of gestation. These findings suggest that remarkable enlargement of the air spaces occurs at this period. Moschopulos and Burri [15] reported that the percentage of the interstitium in a zone of yet undifferentiated tissue and its neighboring zone shows striking decrease between fetal days 20 and 21 in rats. Hilfer [11] reported that in mice reduction of the mesenchymal space and expansion of the air passages occur between fetal days 18 and 19. These reports support our present notion that the percentage of the interstitium decreased to expand the air spaces between fetal days 20 and 21.
At birth the interstitium decreased remarkably in volume and percentage, whereas the air spaces increased strikingly in volume and percentage at this stage. Histologically remarkable enlargement of the air spaces was noted immediately after birth. This indicates the initiation of respiratory system. In rats gas exchange occurs in smooth walled channels and sacculus, since the lung is immature at birth and contains no alveoli and alveolar ducts [4, 6] .
In the present study the PAS-positive cells were rich in the conducting air ways on early gestational days. The air spaces lined by PAS-negative epithelium increased remarkably on fetal day 21. As the developmental days progressed, the PAS-positive cells in the epithelium of the large conducting air ways were diminished. Though PASpositive cells were rich in the epithelium of small conducting and saccular air ways after fetal day 20, the PAS-positive cells tended to decrease in number toward neonatal period. Further the PCNA-positive cells were rich in the epithelium of the air spaces and interstitium on fetal days 18 and 19. From fetal day 20 on, the cells decreased in number to locate small conducting air ways and interstitium. Very few PCNA-positive cells were noted in the epithelium of the saccular air ways at the end of gestation. These findings suggest that remarkable proliferation occurs before fetal day 20 and functional differentiation of the lung, after fetal day 21, and that the prominent specialization of the epithelium of the future air spaces occurs from fetal day 21. This notion is supported by several lines of evidences as follows. There is a high level of epithelial proliferation until day 20 of gestation and DNA synthesis in the epithelium reduces markedly on fetal days 21 and 22 in rats [2] . The cells of the terminal regions contain large glycogen deposits that diminish after the cells specialize [11] . From fetal days 18 to 20 the epithelium consists of glycogen-loden cuboidal cells, and the intermediate cells between type 2 and type 1 appear after fetal day 21 in rats [2] . From fetal day 19 the contact area between type 1 pneumocytes and other epithelial cells decreases, whereas the luminal and especially the basal sides increase in rats [13] . As maturation proceeds, the contact is gradually made with endothelial cells [13] . A rapid increas in total lipid occurs when burst of epithelial proliferation is completed on day 20, indicating a more rapid onset of surfactant synthesis in rats [3] . During the development of the fetal lungs, surface area of the air spaces enlarges rapidly and, simultaneously, the lamellated bodies of the type 2 pneumocytes start to be secreted into the air spaces to lower the surface tension and the latter process coincides with the appearance of surfactant materials in the air spaces and in the amniotic fluid [5] . Recently, Kohri et al. [12] reported that surfactant protein A increases remarkably in fetal lungs and amniotic fluid during the last two days of gestation in rats. However, when the mother rats receive a low protein diet from day 9 of gestation, the level of the surfactant protein A is low in the amniotic fluid on the last two days of gestation and in the fetal lung on the last day of gestation. This report implies that maternal malnutrition causes retardation of the fetal lung development after fetal day 21. Furthermore, type 2 cell with lamellar bodies differentiates to type 1 cell on fetal days 21 and 22 in rats [2] . Conclusively the present investigation reveales that the period from fetal days 20 to 21 is a critical time for the development of fetal lung: the period before fetal day 20 is that for proliferation and the period after fetal day 21, functional differentiation of the lung.
